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ABSTRACT

Semiclassical and quantum treatments of molecular photo-
dissociation are presented in which it is shown that the
angular distribution of the fragments will often be peaked
parallel or perpendicular to the direction of the incident
light beam. The form of the anisotropy is found to depend
on the polarization of the light beam, the orientation of the
electronic transition dipole moment within the molecule,
and the dynamics of the dissociation process. A review is
made of some recent experiments which exploit the
angular distribution of photofragments to learn about the
nature of the photejection process.
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INTRODUCTION

Few things in life improve with age; perhaps, only the great wines
of Bordeaux. However, it is hoped that another exception may be
made when one reflects on one's thesis. This paper is concerned
with work [ 2] started by the author when he was a graduate student
under the direction of Professor Dudley R. Herschbach of Harvard
University.

In most photodissociation experiments the conditions of excita-
tion of the molecules are so poorly defined that it is safe to assume
that the molecules are bathed effectively in isotropic radiation and
that there is no “'state selection” or preferred orientation of the
molecules for absorption. Indeed, this situation is so common that
it is referred to as natural excitation in the literature [ 3]. However,
if the excitation occurs in some definitely nonisotropic manner [ 4],
such as by absorption from a unidirectional beam of light or by
impacts from a beam of electrons or heavy particles, then the
dynamics of the dissociation process can provide information about
the interaction between the molecule and the exciting source.

Interest in the mechanics of molecular photodissociation has
been stimulated by a number of recent experiments whose success
depends on the nature of the primary photochemical step. For ex-
ample, Dehmelt and co-workers [ 5] at the University of Washington
have achieved molecular alignment by selective photodissociation;
Kasper, Pimentel, and others [ 6] have achieved laser action by
preparing an inverted medium through the photodissociation of
polyatomic molecules; while Bersohn and co-workers [7] at
Columbia University and Wilson and co-workers [ 8] at the Uni-
versity of California at San Diego have measured the angular
distribution and velocity distribution of the recoiling photofragments
from which they learn the symmetry nature of the repulsive electronic
state and the partitioning of excess energy into internal and trans-
lational degrees of freedom. Moreover, the comparative study of
photodissociation with other excitation processes such as electron
impact often reveals striking similarities [2]. Since photodissocia-
tion is in general the simplest dissociative process, it is.more
amenable to exact calculation and its explication offers us a qualita-
tive way for describing other more complex dissociative phenomena.

The Born-Oppenheimer and Franck-Condon principles allow a
complete treatment and separation of the photoejection dynamics
into angular and radial parts. According to the Franck-Condon
principle [ 9], molecular transitions are most favored in which the
position of the nuclei change little during the electronic jump which
accompanies the absorption of a photon. Ordinarily, if the excited
state dissociates, it does so in a time short compared to the rotational
period of the molecule. Thus the distribution of the trajectories of



PHOTOEJECTION DYNAMICS 3

the fragments reflects the initial orientation of the molecule. The
photodissociating molecules are not isotropically distributed with
respect to the exciting light beam since the absorption probability is
greatest when the transition dipole 1 is aligned with the electric vec-
tor (polarization vector) ¢ of the light beam. Thus, the angular dis-
tribution of the fragments should show a corresponding anisotropy.

This paper is primarily concerned with the photodissociation of
diatomic molecules, although the simple extension of many of these
results to polyatomics is straightforward [2]. The calculation of the
geometrical form factors that characterize the anisotropy amounts to
averaging the angular dependence of the transition probability, pro-
portional to Iy - €|®, over all rotational orientations of the molecule.
First, a semiclassical and then a quantum treatment of photoejection
dynamics is given followed by a comparison of these predictions with
the results of some recent experiments.

SEMICLASSICAL TREATMENT

Let us treat the motion of the electrons in the molecule by
quantum mechanical principles whereas the motion of the nuclei is
considered to be classical. Several distinct cases appear. These
are specified by the polarization of the exciting light; by the
orientation of the transition dipole 1 with respect to the molecular
framework; and by the direction of departure of the product frag-
ments, which are regarded as undergoing either axial recoil along
the initial direction of the molecular axis or transverse recoil
perpendicular to it. If the photodissociation fragments separate
with large excess kinetic energy, as is normally the case, then the
trajectories of the fragments will be along the direction of the
vibrational motion (axial recoil) of the ruptured bond. However,
close to the threshold for photodissociation, the fragments have
little excess kinetic energy and are ejected at right angles to the
molecular axis by the rotational motion of the molecule (transverse
recoil) like water spraying off a spinning wheel. The general re-
sult is readily synthesized from these two limiting cases for the
recoil direction. The detailed weighting of axial and transverse re-
coil depends on the dynamical factors governing the photoejection
process; the form of the angular distributions for axial or transverse
recoil, however, is obtained from purely geometrical considerations.

Average Over Orientation Angles

The average over rotational orientations is conveniently formu-
lated in terms of the Euler angles ¢, 6, and ¥, shown in Fig. 1,
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which relate the "molecule-fixed' set of coordinate axes g = x,y,2 to
the "space-fixed" system F = X,Y,Z with axes parallel to specified
laboratory directions, For both coordinate frames, the origin is the

FIG. 1. Definition of Euler angles ¢, 6,
and ¥ relating the space-fixed XYZ and
molecule-fixed xyz coordinate systems.
The angle 6 is the included angle between
Z and z, the angle ¢ is measured from the
X axis to the projection of z upon the XY
plane, and the angle yis measured from
the line of nodes N, where the XYZ and
xyz frames intersect, to the y axis. The
internuclear axis of the AB molecule de-
fines the z axis. The origin O of both co-
ordinate systems is chosen to coincide
with the center of mass of the AB molecule.

center of mass of the AB molecule. The angles § and ¢ are
ordinary polar coordinates that locate the z axis (chosen to lie
along the internuclear axis of the molecule) relative to the Z axis
and the XY plane, while Y is an azimuthal angle measured about
the z axis [ 10]. Since all orientations of the molecule are
equally likely, sin #dfdpdy is the (unnormalized) probability that
the AB molecule is oriented with Euler angles in the range 9, ¢,
and Y to 8 +dd, ¢ +dop, and ¥ + dy. If the electric vector ¢ has

direction cosines )\F along the space-fixed axes F and the transi-

tion dipole moment p has direction cosines Ag along the molecule~
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fixed axes g, then the absorption probability is proportional to

lu- e = ;fezlezngxg By (96, Tk (1)

where in obtaining Eq. (1) we have used the relations

€p = g (2)

Hy = W\g (3)
and

Uy = 2y Bpg by (4)

In Eq. (4) the angle-dependent factors ‘I’Fg are the direction

cosines, shown in Table 1, which describe the unitary transformation
between the XYZ and xyz coordinate systems illustrated in Fig. 1.

TABLE 1
Direction Cosine Matrix Elements @Fg (@, 8,¥)

x2 v? z?
X cpchcy-spsy spclcy + copsy ~-s6cy
y -cpcisy-spcy -spcldsy + cpcy sfsy
Z cysd spsé cé

aHere, sine is abbreviated by s, cosine by c.

The probability that dissociation occurs for an AB molecule oriented
in the solid angle, sin 8d8dedy, is given by .

P(g, 6, ¥) sin 6dédpdy= 1Z, 2 A ‘I’Fg("”e"/’) P sin 6dodpdy (5)

Let us choose the z axis of the molecule-fixed system along the
direction of departure of fragment A so that the polar coordinates
describing the angular distribution of A in the center-of-mass
system are identical to the Eulerian angles 6 and ¢ ( see Fig. 1).
The relative flux that enters the solid angle element sin 8dddy is
given simply by averaging P (¢,8, ¥) given by Eq. (5) over the
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azimuthal angle Y. By definition, this intensity is 1(8,¢) sin 8d6de,
where I(8,p) is the angular distribution. Therefore, we have

27
1 .
U00) =5 [ 12200 2 g (010, 01" aw (6)

Equation (6) is a general expression for the angular distribution
of the photofragments A and B assuming axial recoil. However, for
most practical applications Eq. (6) is excessively general, i.e., its
form may be greatly simplified by choosing the XYZ laboratory
coordinates to be defined in terms of the light beam and by classify-
ing the direction of ( in the xyz molecular frame based on
symmetry arguments. For example, the FF' cross products in
Eq. (6) disappear if one of the axes, say, the Z axis, is chosen to
lie along the electric vector ¢ in the case of a beam of plane
polarized light. The gg' cross products in Eq. (6) also disappear
because of the orthogonality of the direction cosine matrix
elements with respect to integration over ¢

2
Lre o ap=-Let e (7

Thus, Eq. (6) reduces to a single term

27
- 1 2
Ipg (6:0) = 5 ({ 0%y (0.6, ¥)dY (8)

or to a sum of such terms.

For a diatomic molecule, and for many other transitions of
symmetrical polyatomic molecules [ 11}, the transition dipole
moment y must either lie along the axis of the molecule correspond-
ing to a parallel transition or lie in a plane at right angles to the
molecular axis corresponding to a perpendicular transition, Thus,
for parallel-type transitions such as Z-2Z and I -1I, “x = p_= 0 while

Ky, = 0, whereas for perpendicular-type transitions such as Z-ITand
II- A, By = by # 0 while My = 0. For a beam of light with its electric

vector pointing along the Z axis the angular distribution of the frag-
ments for a parallel transition is given by
1 2n . 2

Iy, 0:0) =5 ({ @7, (0,6,¥) dy=cos” 6 (9)

and for a perpendicular transition by
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1
IZX +IZY=§n—

2
J ey, + @"’Zy) dy = sin®g (10)
0

In the case of an unpolarized light beam, it is convenient to
choose the Z axis to lie along the direction of the light beam. The

€x and eYcomponents of the electric vector are equal in magnitude

and contribute independently since their relative phase is random.
Thus, the angular distribution of the photodissociation products
caused by an unpolarized light beam is given by

I, () =Ly, + 1y, (11)
for a parallel transition and
I_L(B)=IXX+IXy+IYX+IYy (12)

for a perpendicular transition. The same result applies to circu-
larly polarized light since the rapid rotation of the electric vector
is "averaged out" in a steady state experiment.

The photofragment angular distribution for transverse recoil are
obtained by permuting the g components z —~x (or y), x -y (or z),

andy -z (or x). In Table 2 formulas for the various cases are
collected. These distributions have the form characteristic of a
dipole radiation pattern

1(8) = 1/(471)[1+BP2 (cos 6}] (13)
where
3cos? 9 -1
Pz (COS 9) = ‘——"E———'——— (14)

We refer to 8 as the asymmetry parameter, and it ranges from £ = 2,
a cosine-squared distribution, to 8 =-1, a sine-squared distribution.
The value B = 0 corresponds to an isotropic distribution. The’
differential cross sections satisfy the expected sum rules

2
§1A(9>+?1T(9)=1 (15)

for axial (A) and transverse (T) recoil, and

%—1"(9) +§Il(9)= 1 (16)



TABLE 2

Angular Distribution of Photofragments 1(8) =[1+ B P, (cos 8)]/4n
‘ in terms of the asymmetry parameter 32

Electronic Axial Transverse
transition recoil recoil

For plane polarized light with € || Z:

II-type B=2 B=-1

ol

1-type B=-1 B=

For unpolarized light incident along the Z axis:

™
1
SIS

I -type B=-1

aje

L-type B=z B=-

2r 7
"Here, [ [ 1(8,¢) sin 6déde = 1.
00

for parallel () and perpendicular (1) transitions. Note that the
photofragment distributions for axial recoil peak at right angles to
the incident light beam for parallel transitions and peak forward and
backward along the light beam for perpendicular transitions. Figure
2 illustrates the forms of these anisotropic angular distributions
where the Z axis has been chosen to bring out the symmetry of the
distributions.

The generalization of these results to higher order multipole
radiation is straightforward. For example, magnetic dipole
transitions that result in photodissociation will yield the same angu-
lar distribution as in dissociative electric dipole transitions except
that the former must be measured with respect to the magnetic
vector rather than the electric vector of the light beam. In the most
general case interference effects arise if both electric and magnetic
multipole transitions both occur, e.g., magnetic dipole and electric
quadrupole transitions. However, higher order multipole dis-
sociative processes are expected to be so weak that they are
seldom of much practical significance.
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POLARIZED UNPOLARIZED
Il TRANSITION

light beam

1 TRANSITION

(d)

FIG. 2. Angular distribution of recoiling photofragments
for the case of axial recoil. Cases (a) and (b) picture a
parallel-type transition induced by plane polarized or un-
polarized light, respectively. Cases {c) and (d) picture in
a similar manner a perpendicular-type transition. In cases
(a)-(d) corresponding to the four axial-recoil entires in
Table 2 the light beam is incident along the X axis, and if
plane polarized, the electric vector € points along the 2
axis.

The generalization of these results to photodissociation by multi-
photon absorption processes is also straightforward. Let us restrict
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our attention to two-photon photodissociation processes. The
differential cross section may be obtained by a simple application
of second-order perturbation theory. The result is
“ < l//f l/J~ * Ehplnt><llj
E -E.
i in

it e €90

+ hv

(0,0) = (17

int t

where Ei and Ein are the energies of the initial and intermediate

t
states, and the sum in Eq. (17) is to be performed over all inter-
mediate states. Equation (17) is valid only for a two-photon
nonresonant absorption process, i.e., the photon energy hv does not
lie within a natural width of any intermediate state, in which case
the transition probability is proportional to the square of the inten-
sity (the fourth power of the electric field) of the light beam. For
a resonant two-photon absorption process, Eq. (17) formally
diverges, but the angular distribution is still proportional to the
numerator of this expression. In such a process, a steady state
population is established in the (real as opposed to virtual) inter-
mediate state. The angular distribution form factors are cal-

culated classically by performing the average (<I>2F g @2Fg'> and

summing the result for all intermediate states. In most practical
cases, the contribution of one of the intermediate states
dominates. Table 3 summarizes the possible cases appropriate to
photodissociation by a beam of linearly polarized light. It is to be
noted, however, that unlike the one~photon case, two-photon
photodissociation by circularly polarized or unpolarized light
beams may give different angular distributions and different cross
sections [12]. In any case, two-photon or higher multiphoton
dissociation processes require intense light sources such as have
now become available with the advent of powerful pulsed laser
systems. :

Effect of Rotational Motion

Unless the recoil velocity is very large compared to the angular
velocity of molecular rotation, the angular distribution of products
will be "smeared out'" to some extent by the molecular rotation. As
indicated in Fig. 3, the line joining the two separating fragments
rotates from its initial direction at time t = 0, when the photon is
absorbed, and approaches asymptotically (t — «) a line that makes
an angle gmax with the initial direction. The recoil angle § max is
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TABLE 3

Angular Distribution of Photofragments for a Two-Photon
Dissociative Process Resulting from a Beam of Linearly
Polarized Lighta

Symmetry character

of transition? I( 9,(p)c
(i, 1) (5/4m) cos®s
(n, 1) (15/87) cos®s sin® 0
&€ (15/87) cos®d sin®9
¢ b (15/32n) sin®

3 Axial recoil and the domination of one intermediate
state is assumed. Here, 2}7 F 1( 8,¢) sin 6d6de = 1.

0 0

bA (I, II) transition refers to a two~photon transition in
which the electric dipole transition between the initial
state and the intermediate state is a parallel-type
transition, and the electric dipole transition between the
intermediate state and the final state is also a parallel-
type, etc.

CThe angular anisotropies are more pronounced in the
two-photon (I, ) and (L,1) cases than their one-photon
(I)-type and (.L)-type counterparts. However, the two-
photon (ll, L)or (L, |l) transitions are cloverleaf-shaped,
peaking at 45°, 135°, 225°, and 315° to e.

obtained by considering the molecular photodissociation process as a
""half-collision." By reversing the trajectory calculation for a two-
body collision [ 13], we obtain

(g

1 % dr/r?
6 .. (r,L)=(L*/2pu)?
max ‘e H ![V(rc)+L2/2urZC—V(r)~L2/2,,Lr2]
c

(18)

where V(r) is the repulsive potential of the dissociative electronic
state, L is the rotational angular momentum of the molecule (which
"in spectroscopic work is traditionally denoted by J), and r, is the
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FIG. 3. Trajectory of recoiling photofragments.
Initially (t = 0) the angular velocity 9 is classically given
by L/21 where L is the rotational angular momentum of
the molecule and I = 3 pr, is its moment of inertia at the

internuclear spacing r ¢ The radial velocity r initially is

set to zero corresponding to the primitive classical approx-
imation to the Franck-Condon principle in which the
molecule makes an upward electronic transition only at the
classical turning point (s) r, of its vibrational motion in the

ground state potential, Asymptotically (t =) the angular
velocity approaches zero and the radial velocity approaches
its terminal value v. The recoil angle § attains a large
fraction of its asymptotic value em ax during the short time

the separating fragments are close to one another, say,
within 10 A of one another.

classical turning point of the trajectory, given by the initial inter-
nuclear separation of the recoiling fragments. The recoil angle em

ax
is related to the more familiar classical deflection angle x by the
relation [ 13]
X=T- 29m ax (19)
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To obtain the angular distribution corresponding to a given Gmax’

we introduce a new system of axes (see Fig. 4) denoted by

8. XY, 2, (with r for "recoil"), where the z, axis is chosen

parallel to the asymptote of the trajectory. The old "molecule-fixed"
system, denoted by Bm = *m’ Y’ Zme has Z along the molecular
axis. Hence, as shown in Fig. 4, emax is the polar angle relating the

gy and 8m coordinate systems. We are at liberty to {ix the positions

of the remaining axes, x_, x_, Y and Yy By choosing X, to

m’ “r
coincide with the projection of z , upon the X Ym plane, and by
choosing V. to coincide with the line of nodes (see Figs. 1 and 4),

Z
1 7 |
— g T
m : 1Zm
[}
— g t I
! Bma : {
: |
|
! |
\ I
i {
| |
| I
: |
!
Xméj\ - f |
max ~—_ [
Xr/ Tl .Jl Y
P = vm
X .
FIG. 4. The space-fixed XYZ, molecular X VnZme and

recoil Xryrzr coordinate frames. The molecule~-fixed
system has Z, along the molecular axis, and the recoil co-
ordinate system has z,. along the asymptote of the separa-

ting fragments.

the other two Euler angles specifying the orientation of g, with

respect to &m vanish. Then the direction cosines relating
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the g, and &m coordinates take the particularly simple form,

0 .
cos emax sin emax

@ = 0 1 0 (20)

~-si 0 cos
sin Gm Gm a

ax X

namely, a counterclockwise rotation by 8 about Y, (the line of

max
nodes) brings &m into coincidence with g, The angles of the Bm

coordinate system with respect to the space-fixed coordinate
system F are 6 = 9r, @=QL= P and Y = x[/r = ‘Um' The direction

cosine elements fI’F em that appear in Eq. (6) are transformed into

linear combinations of the (ng by this axis rotation, so that
T

= cos 8 sin 0
®rxm max PFx, * max %Fz,

=@
<I:‘FYm Fyr
‘I’Fzm = -8in 0 ax cI)Fxr +C08 0 ax <I’Fzr (21)

The calculation of the fragment angular distribution now proceeds
as before and simply ""mixes" the previous results for axial (A)
and transverse (T) recoil according to the expression

~ 2 2
I(9) = cos omax I, (8) + sin 0 pax Ir (9)

=1+ [1,(6)-1] P, (cos 6 ) (22)
Equation (22) holds for a fixed value of emax' To obtain the actual

angular distribution we must integrate over all gmax weighting each
value of em - by the normalized probability of finding the recoil angle

L (emax)’ and then

a.

in the range Gm x to em <t demax’ denoted by Pv,

a a
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we must sum over all rotational levels L and vibrational levels v
that contribute to the photodissociation process

Do

m
[cos® 8

1(8) ydo

max
(23)

=2
6) +sin’6, . 1p (O], 1 (0

max IA max

)
v L

o,

The distribution in emax will be determined by the transition prob-
ability for photodissociation at each internuclear separation r, in

each vibration-rotation level (v,L). This in turn depends on the
shape of the potential curves for the ground and excited states, the
thermal distribution of initial rotational and vibrational energy,
and the spectral distribution of the pumping light.

Fortunately, the lowest vibrational levels of the ground state
usually lie under a strongly sloping portion of the repulsive potential
curve of the upper state. Then V( rc) - V() >>L%/2 urcz , and direct
trajectory calculations [ 2] show that gmax deviates very little from
610y = 0° (@xial recoil) so that I(8) ~1,(6). Thus, the rotational
blurring is normally quite small and the photofragment distribution
corresponds closely to the "axial-recoil" limit.

Another way of regarding this problem is to view the rotational
period of the molecule as an "internal clock" which measures the
time the recoiling fragments spend close to each other. As the
fragments separate their "moment arm' about the center of mass
rapidly increases and the angle through which they rotate (in
order to conserve angular momentum) decreases (see Fig. 3).

Thus, the recoil angle em ax is largely determined by the separation

time of the fragments. The rotational period of molecules is
typically on the order of 107°-10"''sec, whereas the vibrational
period is on the order of 10"*-10"**gec. If the molecule dis- -
sociates by a simple vibrational motion along the ruptured bond
direction, the fragments will rotate typically about 5° as they dis-
sociate and the "rotational blurring' of the photofragment angular
distribution will be minimal. On the other hand, pronounced rota-
tional blurring of the angular distribution permits an estimate to be
made of the number of picoseconds required to rupture the chemical
bond in the photodissociative process [ 8].

QUANTUM TREATMENT

The semiclassical treatment is not thoroughly satisfactory; for
example, in contradiction to the uncertainty principle, both the
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position r = r, and the momentum p = 0 must be specified at time
t = 0 in order to calculate the recoil angle emax of the separating

fragments. A quantum treatment has the advantage of considering
simultaneously the radial and angular motions of the fragments so
that the synthesis of the photofragment distribution from the axial
and transverse recoil limits occurs in a natural manner. More-
over, a study of the correspondence between the quantum and
classical treatments brings out more fully the conditions under
which the axial-recoil approximation is valid.

The Differential Cross Section

In a quantum treatment the differential cross section (@, ®) is
proportional to the square of the transition dipole matrix element

1(6,8) ~ [ (Y lu-el ¥’ (24)

where (@, ®) are polar angles referred to the laboratory coordinate
system. Let us concentrate our attentionona > ~'Z or a

! .. ' dissociative transition caused by a beam of plane polarized
light. ¥or the bound state, the wave function may be written accord-
ing to the Born-Oppenheimer separation as a product wave function

2J+1\%
)2 DY o (¢,6,0) ( 25)

- ¥, () Ry (o)

Here, Fi (qi,r) is an electronic part which is a function of the
electronic coordinates q; and depends parametrically on the inter-
nuclear distance r, RV J(r) is the vibrational part which satisfies

the radial Schrédinger equation

1 d,/,d J(J+1) _
[- ur? dr (Fg) Ve - 2ur? | Ryg(r) =By yRsr) (26)

. . J
for the potential function V(r), and Yim (8,p)x Dyio

rotational part which expressed the orientation of the molecule,

(¢,0,0) is a
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where the angles (8,¢) refer to the polarization vector € chosen as
the axis of quantization and D-I{/IM' is a Wigner rotation matrix [ 14].
Equation (25) corresponds to a stationary state (v,J) of the molecule
with definite values of the energy Ev J and the angular momentum

J(J+1) of which the latter makes a projection M on the space-fixed
7 axis (chosen to lie along €¢) and a projection 0 on the molecule~
fixed z axis (chosen to lie along the internuclear axis).

In a similar manner the repulsive state may also be factored
into an electronic part and a nuclear part

(91 = Fo*(a,m) R * (1) @7

However, the continuum nuclear wave function Rq* (r) must be

chosen to satisfy the proper boundary conditions for scattering,
namely, that Rq* (r) has the asymptotic form of a plane wave plus

an incoming spherical wave
Rq*(r) 2 Afexp(ik - r) +£(0) exp (-ikr)/r] (28)

where k is the propagation vector and r is the position vector. Here
k points along the final recoildirection of the fragments and r
coincides with the molecular axis, as pictured in Fig. 5. Then the
final state wave function for a repulsive ' state may be put into a
form similar to Eq. (25):
' . A
(Wf (IE) [= Fq* (qur)EJv (2J' +1) (1) eXP(‘15J| )RJv ( Kr) PJv ( K- %)
' . J' A

Y exp (185, )Ry, (kx) Dy (K - T)

" (29)

= Fr(qpr)Zy, (2 + 1)

where RJ satisfies Eq. (26) for the repulsive upper state potential

and has the form at large internuclear separation of a sine wave,
sin(kr-3J'w +6J, )/kr where 6J, is the phase shift. For a repulsive

11 state, Eq. (29) must be modified to express the fact that the total
angular momtAantum J makes a projection of one unit upon the inter-
nuclear axis * and the recoil axis &:

(W ("M = F#apr) 21,023+ D (0 exp(-185, )Ry, (Kr)D;];'(Q.(’f?’)O)
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T

/

FIG. 5. The recoiling fragment (whose classical
trajectory is indicated by the dotted line) is scattered by
the repulsive molecular potential. The quantization axis ¢
is along the Z axis; the propagation vector « is along the
asymptote of the recoiling fragments; and the position
vector r coincides with the molecular axis. For molecular
dissociation the recoiling fragments generally have con-
siderable kinetic energy so that « is nearly parallel to r.

The angles in Egs. (29) and (30) are measured between the unit
vectors k and r, and they are not the same angles as in Eq. (25).
However, they may be related to the angles (4, ¢) and (©,®) by the
successive application of two rotations (see Fig. 5). In general, if
the rotation (aBy) results from the rotation (a, 8,y,) followed by
the rotation (a, g, v, ) then

D, _(aBy) =z, Dl . (e8,%)D , (a0,8,%,)  (31)

m” m' m'l m! t m
Equation (31) is a generalization of the spherical harmonic addition
theorem [ 14] which may be obtained by setting m' = m = 0. Applying
Eq. (31) to Egs. (29) and (30)and using the fact that

DI, (@) =D, (-ab-v) (32)
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we obtain for the final state wave function the expression

Wy 1= By (20" + 1) (1) exp (-18;,) Ry, (kx)

Jt* Jt
+ (2,6,0) Dy, , (2,0,0) (33)

where for a 'T state A= 0 while for a ‘IIstate A= 1. The final state
wave function given by Eq. (31) corresponds to a statmnary state of
the molecule with a definite value of the energy E = k*/2 11, but not to
a definite state of angular momentum although the projection of the
latter along r and « is well defined [15]

The interaction term p .€ appearing in Eq. (24) may also be
expressed in terms of the angles defined in Fig. 5. For a tn-tz
transition (parallel-type transxtlon) the angular part of W -€ trans-
forms as &, (¢,,0) = Dgo(@,0, 0) whereas for a 'Z-'MItransition

(perpend1cu1ar type transition) the angular part of u- e transforms
as &, (¢,0,0)and &, (<p,9 0), which are related to D, (¢,8,0).

Upon replacing in Eq. (24) ! wi) by Eq. (25), (xl/q | by Eq. (33) and

i+ € by the above, the differential cross section may be put into
the form [ 2]

(e, ®) ~ 12,2, R AL, Dy (@,@,0)12 (34)
where
R, = (1) exp(-i0,) [R_((r) M(r) Ry, (er)edr (35)

is a radial term governing the band strength of the transition which
depends upon the electronic transition dipole moment

M(r) = [ Fq*(qi,r) Ze q; F, (q,r)dg; (36)
and
- Al J
A= (204 1) ) [ oY ‘" Dox Digo 421 MQQ(@G 0)

= C(JLI"; MO) C(J1J'; 0r) DM' A(r1>,®,0) (37)
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is an angular term giving in terms of Clebsch-Gordon coefficients

the rotational line strength for a specific JM ~ J*M"' transition.
Equation ( 34) is the photofragment angular distribution arising

from one (J,M) sublevel. It is quite complex in form and is no

longer of the dipolar form given by Eq. (13). However, if the molecu-~

lar ensemble is randomly oriented and has equal M state populations,

then the photofragment angular distribution is obtained from Eq, (34)

by summing over all the M sublevels of the initial state:

J!
1(0.2) = Ty | Iy, By, &1, C(JWIT;MO) C(JLI'5 01) Dy, (8,0,01°
(38)

where we omit all factors that do not affect the form of the angular
distribution. By substituting explicit algebraic expressions for the
Clebsch-Gordan coefficients in Eq. (38), I(®, &) may now be shown
[2] to have the form [1 + BP, (cos ©)]/4w. In particular, for a
parallel-type transition

J(J-l)lﬂ?J_ll2 + (J+1)(J+2) | $J+112-3J(J+1)(&’2} +R. R

31851
(TD[TIR 5_ 1P+ (T+1)] R 4 1] (39)

+1 mJ—l

By =
Note that in the limit I!RJ_II = I&‘?J+1|, Bp =2

The Axial-Recoil Approximation

The actual evaluation of the photofragment distribution, given by
Eq. (38), requires a knowledge of the variation of the radial terms
va with J* over the limited range AJ' = 0, +1 permitted by the

dipole selection rules. We are interested in the common situation
where the kinetic energy of the fragments is much larger than the
rotational energy (on the order of kT) of the parent molecule. In

this case the phase shift § It appearing in Eq. (35) may be

estimated to good approximation from the WKB expression [ 16]

o« 1

55 =—;— (J+%)-Icrc +frc € 1-[(I'+3)/kr]*} 2 dr - frc kdr (40)

where k* = 2 [E-V(r)] and k* = 2uE. By expanding the expression
within the braces'{} ' in Eq. (40), we find that
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LT

GJ, =3 J -C (41)

where C is a constant to order [ (J' + %)/Kr]z. To this approximation,
?

the factor (i)J exp (-iGJ, ) appearing in Eq. (35) equals exp (iC) and

is independent of J'. Furthermore, under these conditions the form
of the radial continuum wave function R I (r) is almost exclusively

determined by the shape of the repulsive potent1al term V(r) rather
than the centrifugal potential term J'(J! + 1)/2ur® appearing in
Eq. (26). Consequently, when «r > J'+ :

Ry 1 (1) = Ry (D) (42)

Consequently, the radial term R I is effectively a constant over the

rotational structure and may be taken outside the sum over J' and
M! appearing in Eq. (38).

With this approximation, the sums over J', M', and M are
readily performed with the help of the identities [ 14]

%5, 3y, C(J137; MO) C(J157503) Dy, (2,6,0)
-pJ (@90)131 (8,0,0) (43)
MO b 9 OA b b
and
s pd 17=1 (44)

M MO

The photofragment angular distribution reduces to
1(e,8) = 1Dy, (#,0,0)1" (45)

i.e., fora *2- 2 trans1t10n (A=0), I(©,®) is proportional to cos®@,
Whereas for a *Z-'1I transition (A = 1), 1{(®,®) is proportional to
sin®®, These are exactly the results we obtained previously in the
case of axial recoil (see Table 2). Hence, the validity of the axial

recoil approximation rests on the extent to which R Jel = R J-1'

which in turn depends on the extent to which 6J+1 -8 o1 =T As
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kr grows in magnitude compared to (J' + 3 ) the axial-recoil approxi-
mation is expected to describe the photoejection dynamics with in-
creasing accuracy. However, close to threshold, the axial-recoil
angular distribution is "blurred'" by the rotational motion of the
molecule and we must compute quantum mechanically the inter-
ference between the (J + 1) and (J - 1) outgoing spherical waves.
In molecular photodissociation the fragments are so heavy that
their motion is essentially classical. However, if one of the frag-
ments is an electron, it is not surprising to find that a fully
quantum treatment is required to account for the angular distribu-
tion of the photoejected electrons. For example, Cooper and Zare
have used Eq. (39) to calculate the form of the angular distribution
of the photoelectrons and they have applied with considerable
success their calculations to the recent lagser photodetachment
measurements of Hall and co-workers [ 17] at the University of
Colorado. Note, however, that this simple treatment neglects
magnetic forces (spin-orbit effects) which can be important in
determining the form of the photoelectron anisotropy [18].

APPLICATIONS

The first attempts to observe a possible anisotropy in the
angular distribution of photodissociation products was the study of
the Nal photodissociation process

Nal+hv-Na* +1 (46)

by Mitchell [ 19], and later by Hanson [ 20]. They measured the
Doppler width of the resulting sodium D emission lines as a
function of angle, but they found no observable difference when the
atomic fluorescence was viewed parallel or perpendicular to the
incident light beam. This finding, although disappointing, is not
incompatible with the treatment outlined in the last two sections.
It appears that more than one repulsive state contributes to the
Nal photodissociation process, and that these repulsive states are
a mixture of parallel and perpendicular characters. Consequently,
the expected anisotropy is greatly reduced, if not effectively
"washed out" [ 21].

Ironically, the first successful observations of angular anisot-
ropies were not through photodissociation studies but through
studies of the more complex phenomena of electron impact dis-
sociation [ 22]. Recently, there have been several strikingly
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successful studies of angular anisotropies produced by electron
impact, in particular the dissociative ionization of H, and other
molecules [ 23], the production of energetic metastables in the
electron impact dissociation of H, [24], the observation of
polarized emission from the excited atomic fragments resulting
from the impact breakup of H, [25], and the angular distribution
of O from the dissociative attachment of electrons to O, [ 26].
In addition, dissociation by heavy particle impact should also be
expected to yield anisotropic fragment distributions, and this has
been borne out in several recent experimental studies of molecular
dissociation by fast ion and neutral particle beams impinging on
target molecules [ 27].

In the preceding sections a fairly general treatment of photo~
ejection dynamics has been presented. We consider here the ap-~
plication of these principles to two current photochemical
experiments: '"photolysis mapping" by Bersohn and co-workers at
Columbia University {7] and "photofragment spectroscopy" by
Wilson and co-workers at the University of California at San Diego
[8]. Both exploit information about the anisotropic photofragment
distribution to learn about the nature of the dissociative state.

Photolysis Mapping

The first successful demonstration of the existence of aniso-
tropies in the angular distribution of photofragments was the work
of Solomon [ 7], who irradiated a hemispherical or a rectangular
cell containing gas at low pressure with a beam of light. The
inner walls of the container are coated with a thin layer of a
metallic film (a metallic mirror). The angular dependence of
the photofragments is detected by the differential rate of removal
of the metallic mirror by the reactive fragments, in the classical
manner that Paneth and Hofeditz [ 28] first detected the presence
of free radicals. The disappearance of the metallic film is '
caused by the reaction of the metal atoms with the photofragments
to form volatile metal compounds that may be pumped away.
Alternatively, for that small class of compounds that are volatile
but whose fragments are nonvolatile, the photolysis of the volatile
compounds yields directly a deposit of the nonvolatile photofrag-
ment on the walls of the container. In either case, the photofrag-
ment angular distribution "maps itself' onto the walls of the
hemispherical or rectangular vessel. Figure 6 shows a schematic
diagram of this simple "bulb' experiment.

The technique of photolysis mapping has been used so far to
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FIG. 6. Schematic diagram of photolysis mapping
apparatus, The compound to be photolyzed is placed in a
thermostatted bath to control its vapor pressure. The
light from a 1000-W xenon-mercury dc arc source is
incident upon the face of the hemisphere which is a front
quartz plate. The light may be linearly polarized by in-
serting a UV transmitting polarizer in front of the quartz
plate. From Jonah et al. [7].

FIG. 7. Hemisphere in which cadmium has been deposited during
photolysis of Cd(CH;), using unpolarized light directed perpendicu-
lar to the plane of this figure. The bright spots are reflections of
the flashbulb used in making this photograph. From Jonah et al. [ 7].
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measure the anisotropic distributions resulting from the photo-
dissociation of Br,,I,, formaldehyde, acetaldehyde, proprion-
aldehyde, acetone, and cadmium dimethyl [ 7]. Perhaps the most
striking effect is achieved with the last-named compound,
Cd(CH,),. Figure 7 shows a glass hemisphere, 2 in. in diameter,
inside of which cadmium dimethyl has been photolyzed for 9 hr by
unpolarized light of a 1000-W xenon-mexrcury dc arc source directed
against the flat face (quartz plate) of the hemisphere (see Fig. 6)
with uniform intensity across its surface. The deposition of
cadmium is distributed more or less isotropically in the direction
of the light beam but evidently is mainly at the pole and in streaks.
This deposition pattern is caused by the fact that the sticking co~
efficient of cadmium atoms on a cadmium surface is several orders
of magnitude greater than on a glass surface. Figure 8 shows the
results of a similar experiment in which plane polarized light is

FIG. 8. Hemisphere in which cadmium has been deposited during
photolysis of Cd(CHz3): using linearly polarized light. The light beam
is directed perpendicular to the plane of this figure with its polariza-
tion vector in the vertical plane. The bright spots are reflections of
the flashbulb used in making this photograph. From Jonah et al. { 7].
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used by placing a polarizer against the face of the hemisphere (see
Fig. 6). The cadmium atom distribution is more anisotropic in
form, peaking in the direction of the light beam but at right angles to
the direction of the electric vector. Figure 7 and 8 correspond to
projections of Figs. 2c and 2d onto a hemispherical surface. Figures
7 and 8 show that the transition moment is essentially perpendicular
to the motion of the cadmium atoms.

It is also possible to detect the methyl radical distribution by
coating the inside walls with molybdenum trioxide, a white powder
which turns blue when it reacts with methyl radicals. A rectangular
box was prepared from microscope slides that had been exposed to
"smoke" generated by placing a molybdenum wire in the flame of a
Bunsen burnér. Figure 9 shows the microscope slides following
photolysis of Cd(CHs)a by plane polarized light. The two darker

Hi0g Itog g  LtE

FIG. 9. The appearance of four microscope slides coated
with MoO; forming the walls of a rectangular cell in which
Cd(CH,), was photolyzed. The darker slides were perpendicu-
lar to the polarization vector € of the light beam; the lighter
ones were parallel. In the middle of each slide is a small
capillary tube that is used to collect for ESR studies the blue
Mo(v) compound resulting from the reaction of the white MoQ,
coating with CH, radicals. From Jonah et al. [7].
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(bluer) slides were the ones positioned perpendicular to the
electric vector of the polarized light while the two lighter (whiter)
slides were parallel. Thus the CH,; photofragments are found to
exhibit the same angular distribution as the cadmium atoms.

Together, Figs. 7, 8, and 9 offer dramatic visual proof for the
existence of angular anisotropies in the photofragment distribution.
From these measurements, Bersohn and co-workers [ 7] conclude
that the "linear' molecule Cd(CH,), photodissociates in the near
UV by a perpendicular-type transition, and because both the
cadmium and methyl radicals separate in a direction perpendicular
to the transition moment, the fragments likely exit along a
ruptured Cd—CH,bond axis through an antisymmetric stretching
vibration. This vibration leaves one Cd~CH, bond overextended
(which breaks) while the other Cd—CH, bond is highly compressed.
Bersohn and co-workers then propose that a second CH, radical
departs about half a vibrational period later than the first. This
successive {ragmentation process is energetically allowed and is
in accord with a molecular orbital analysis of this weakly allowed
metal alkyl transition in which the perpendicular transition
moment is attributed to vibronic perturbation of the excited states
by the low frequency bending vibrations.

The photolysis mapping technique is unquestionably highly
ingenious and remarkably simple. However, its surface detection
scheme suffers from the vagaries associated with the study of
other surface phenomena, namely, problems of surface preparation,
surface history, and surface contamination severely limit the re-
producibility of the results. Consequently, it is quite difficult to
achieve accurate quantitative measurements of the angular
anisotropy by these "'bulb" experiments. A most promising
alternative is the ""beam" experiments of Wilson et al. [8] which
unfortunately require a much more ambitious investment in
instrumentation.

Photofragment Spectroscopy

Figure 10 illustrates the apparatus for photofragment
spectroscopy. A beam of molecules is crossed with a pulsed
beam of polarized light from a laser. Those photodissociation
fragments that recoil at a laboratory angle ©, measured from
the electric vector of the light beam, are detected by a quadrupole
mass spectrometer located a known distance away from the inter-
section region of the two beams. The fragment distribution as a
function of mass, of time, and of laboratory angle ©, is determined
for each laser photon energy (wavelength). The entire experiment
has been automated and is run under the control of a computer
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FIG. 10. Cutaway drawing of photofragment spectrom-
eter. The beam of molecules enters from the left where
it crosses at right angles a pulsed beam of polarized light
from a laser. Those photofragments that recoil upward
are detected by a quadrupole mass spectrometer as a
function of mass, photon energy, flight time, and direction
of recoil, @, measured from the electric vector of the light
beam. The interaction region and mass spectrometer are
in separately pumped chambers connected by a liquid-
nitrogen-cooled tube that serves to coilimate the fragments.
The numbered components are: (1) laser beam port, (2) lens
to match diameter of laser beam to that of molecular beam,
(3) outer walls of bakable ultra-high-vacuum chamber, (4)
liquid-nitrogen-cooled collimating tube, (5) mass spectrom-
eter electron bombardment ionizer, ( 6) mass spectrometer
electron multiplier, (7) quadrupole mass spectrometer,
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(8) liquid-nitrogen-cooled partition between interaction
and detection chambers, (9) interaction volume, (10)
liquid-nitrogen-cooled molecular beam collimator, (11)
liquid~nitrogen-cooled inner wall of interaction chamber,
(12) molecular beam oven with capillary slits, and (13)
molecuiar beam port. From Busch, Cornelius, Mahoney,
Morse, Schlosser, and Wilson [ 8].

which rotates the half-wave plate to give a chosen value of ©, fires
the pulsed laser, collects the electron muitiplier output of the
quadrupole mass filter, and averages it over many cycles.

From the variation of the photofragment signal with ©, the
angular distribution of fragment recoil with respect to the polar-
ization is determined; from the variation of the time-of-flight
delay between the laser pulse and the photofragment signal, the
translational velocity of the fragment of known mass, and hence
the fragment translational energy, is determined. According to
the conservation of energy,

E D+E +E (47

parent * Mager internal * “translational

where the thermal energy of the parent molecule plus the laser
photon energy is equated to the internal and translational energy
of the fragments plus the energy required to dissociate the parent

molecule into the observed fragments. The distribution of E
parent

is readily estimated from a knowledge of the molecular beam oven
temperature, and the value of D is usually available for the more

common molecules. Hence, a measurement of . r-
’ € Etranslatmnal pe

mits as well a determination of the internal energy states of the
fragments. Using the ultra-high-vacuum beam machine shown in
Fig. 10, Wilson and co-workers have investigated one or more -
photodissociative transitions in Cl;, Br,, IBr, 1,, ICN, NO,, NOCI,
several alkyl iodides, and ethyl nitrite [ 8].

Perhaps the power of the photofragment spectroscopy technique
is best illustrated by reviewing their recent work on the photodis-
sociation of the I, molecule. The well-known I, absorption spectrum
consists of a banded structure in the visible above 5000 A, which at
shorter wavelengths merges into a continuum. This has been
traditionally interpreted, ever since the celebrated work of Franck
[29], as corresponding to a series of transitions from the v"'= 0
level of the ground state to high v' levels of an excited electronic
state, even reaching to unquantized radial motion at higher
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FIG. 11. The I, absorption spectrum and potential
curves. Irradiation with the ruby laser fundamental at

14,405 cm™! gives the results shown in Fig. 12. TIrradi-
ation with the neodymium laser second harmonic at
18,830 cm™* or with the output of a laser-pumped dye
laser in the same wavelength region gives iodine atoms
which probably arise from at least three sources: (1)
both iodine atoms are unexcited and presumably arise
from the ', state (see Fig. 14, upper panel); (2) one

jodine atom is excited and the other is unexcited cor-
responding to dissociation from the B 3H0+u state

(see Fig. 14, lower panel); and (3) both iodine atoms
are excited, which is attributed to sequential or simulta-
neous absorption of two photons to reach a repulsive

‘zg * final state. From Wilson [ 8],

ZARE

energies than the dissociation limit of this excited state. Figure
11 shows the I, absorption spectrum and potential curves of the

known electronic states of I,. The assignments are from
Mulliken [ 30], and Mathieson and Rees [ 31].
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In their first experiments, Wilson and co-workers irradiated I,
with the red light (14,405 cm ~*) from a pulsed ruby laser which
coincides with the weak absorption continuum shown in Fig. 11.
They found, from the time-of-flight of the jodine atoms, illustrated
in Fig. 12, that the jodine atoms are produced exclusively in their
ground electronic states, the only energetically allowed states for
a one-photon process. Moreover, they found, as illustrated in
Fig. 13, that the angular distribution peaked at about 90° to the

—
3 I, hv=id 405 cm™l|
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ol 4
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FIG. 12. Time-of-flight spectrum of the iodine frag-
ments resulting from the photodissociation of I, by ruby
laser light at 14,405 cm™'. From Wilson [ 8].

electric vector of the light beam. Hence, the photodissociation of
I at this long wavelength corresponds to a perpendicular transition,
and the results are consistent with dissociation from the upper
3H1u or 1l'llu states.

In their second experimental study of the photodissociation of I,
Wilson and co~workers crossed an I, beam with pulses of
polarized light from a laser-pumped dye laser tuned to wavelengths
around the peak of the absorption continuum shown in Fig. 11. The
mass filter signal at two different values of the angle © are
presented in Fig. 14, The upper panel corresponds approximately
to a measurement perpendicular to the electric vector while the
lower panel corresponds to a measurement nearly parallel to the
electric vector. We see that two distinct time-of-flight peaks ap-
pear: the shorter one observed at ©® = -70° corresponds to the two
iodine atoms in their ground state; the longer one observed at
© = +20° corresponds to one iodine atom unexcited (2P3 ) and one

2



32 ZARE

p(e)
dsg’ tx1073
»2 0 o
T ' T i T ] T [ T l T

S ETR SO NI

o N

FIG. 13. Angular distribution of the photofragment
spectrum of I, photodissociated by ruby laser light at
14,405 cm™". The solid curve is a least-square fit of
a + b sin® (6 - ©,) to the data. From Wilson [ 8].

iodine atom excited (P, ). Thus, Wilson and co-workers have
2

demonstrated that the long accepted assignment [ 28-30] of the
main I, visible continuum as originating almost exclusively from
a transition to the B* I 0*u state is incorrect; instead, the photo-

dissociation of I, occurs from more than one repulsive state which
together have a mixture of parallel and perpendicular character.
Similar measurements have been carried out at other photon
energies and the ratio of 0g - 1u (perpendicular) 0g -—0u (parallel)

transition probabilities for this Hund's case (c) molecule are

1.2 + 0.2 at 20,850 cm™*, 1.3 + 0.1 at 21,510 em™', and 2.3 £ 0.5

at 22,230 cm~Y. These measurements are consistent with earlier
photolysis mapping experiments which showed a predominantly
perpendicular angular distribution for the recoiling atoms. How-
ever, the photofragment spectroscopy studies of Wilson et al.
clearly resolve the continuum absorption into its separate parallel
(3H0+u) and perpendicular (presumably 1H1u) components. Thus,

one of the most studied of molecular spectra once again reveals
hidden wrinkles, as uncovered by this new photochemical technique.
This forces us to rethink anew past experiments involving I,
continuum oscillator strengths, iodine atom quenching, and iodine
atom reactions produced by the photolysis of I, in the visible.

The application of photofragment spectroscopic and photolysis
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FIG. 14. Photofragment spectrum of I, photodissociated
by 21,510 cm™* light. The upper panel is a lu state dis-
sociating into ground state atoms. The lower panel is a
0'u state dissociating into one ground and one excited state
atom. The angle O is the recoil angle of the fragments
measured with respect to the electric vector of the light
beam. The open circles are from the measured signals,
averaged over 242 laser pulses. The solid lines are the
calculated line shapes and positions normalized to the
heights of the measured peaks. From Oldman et al. [8].

mapping to a study of the photodecomposition of simple nonlinear
polyatomics promises to be even more. informative as the first
experiments on NO; [ 8], and on aliphatic carbonyls [ 7] have
borne out.

CONCLUSIONS

A few concluding remarks perhaps are now in order. Modern
photochemistry stands at a crossroads in its development. In the
not too distant past photochemists concerned themselves almost
exclugively with the bulk chemical changes that accompany the
absorption of light. These macroscopic transformations were
studied in the same manner as classical kinetics, requiring

33
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fiendishly clever experiments in hopes of elucidating the important
photochemical pathways. Certainly these types of experiments must
continue. However, the photochemist now has at his command
powerful new means to explore the microscopics of photochemistry,
pamely, the primary fragmentation step in a photochemical process.
It is believed that a study of photoejection dynamics, or what might
be called "the anatomy of a photochemical reaction" will lead the
way to a deeper understanding of the nature of the photochemical
pathways investigated by more traditional means.
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